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ABSTRACT 
• A study was conducted to determine the behavior of pulp 
flo_ws through a motionless mixer. Specifically, the effects 
of stock consistency, pulp type, and number of mixing elements 
on the pressure drop across a motionless mixer were examined. 
An attempt was made to develop correlations between pressure 
drop across the motionless mixer due to pulp flows and the 
consistency of the pulp slurries. From the data generated by 
this _study, it was determined that using the value of pressure 
drop across the motionless mixer to determine pulp consistency 
is not very feasible. However, the empirical data generated 
should be useful for helping to determine the economics of 
motionless mixer applications in the pulp and paper industry. 
Keywords Consistency ; Pulps· Mixers; 
Pressure Gradient; Friction 
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INTRODUCTION 
The continuous measurement of consistency as the term 
applies to the pulp and paper industry is an important yet 
difficult measurement to obtain. In spite. of extensive re-
search in this area, no device has yet been developed which 
will provide a true measurement of absolute consistency. 
Nevertheless, a wide variety of devices have been developed 
which provide an inferential measurement of consistency, often 
with levels of accuracy and repeatability suitable enough for 
them to be used in consistency control systems. However, 
each of these devices has certain undesirable characteristics 
that can diminish their effectiveness in certain applications. 
In light of these facts, this report will discuss the 
results of yet another attempt to find a device which will 
provide a satisfactory continuous measurement of consistency. 
Very basically, the method employed here was to attempt to 
achieve a correlation between consistency of a pulp suspen-
sion and the pressure drop across a motionless mixer due to 
surface friction generated by flow of the pulp suspension 
through the motionless mixer. First, the results of a survey 
of available literature related to this topic are given. 
Following this background discussion, the results of an ex-
perimental study of pulp slurries flowing through a motion-
less mixer are presented, focusing on the frictional losses 
involved. 
The literature search was conducted and the results are 
presented in three basic areas. First, motionless mixers 
are discussed, focusing particularly on a motionless mixer 
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manufactured by Ingersoll-Rand Co., Impco Division. Second, 
the area of consistency measurement is studied as it applies 
to the pulp and paper industry. Finally, the results of stu-
dies on friction losses of pulp suspensions flowing in pipes 
are presented. 
BACKGROUND DISCUSSION 
Motionless Mixers 
Development. The term "motionless mixer" applies to a 
class of devices which achieve mixing and blending of various 
materials without the use of any moving parts. In this way, 
these mixers differ from conventional dynamic mixers which 
typically achieve mixing through the use of rotating or re-
ciprocating elements such as propellers, turbines, etc. Bas-
ically, most motionless mixers achieve mixing through the . use 
of in-line elements which continuously divide a process stream 
into smaller substreams and then recombine portions of these 
substreams. This definition is a very general one, however. 
The idea of achieving mixing and blending by using de-
vices with no moving parts is not a recent one. In fact, a 
mixer with no moving parts was patented as early as 1895(1). 
When blending gases and nonviscous liquids, satisfac t ory mix-
ing was often achieved simply by passing the materials through 
a section of open pipe or a pipe containing orifice plates 
or segmented baffles(2). However, to accomplish more dif-
ficult mixing operations, more complex elements were needed. 
Design of elements which would provide better mixing than 
simple orifice plates began in the 196O's with the scientific 
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development of motionless mixers. 
The first commercially available motionless mixer was 
the Static Mixer developed by Kenics Corp. of Danvers, Mass. 
This company started off as basically a "garage operation" in 
1961 but has grown to a multimillion dollar corporation today. 
Early mixers, however, faced the problem of acceptance. As 
one writer stated in 1973, " .•• perhaps the biggest obstacle 
in the path of static mixing is the limitation of some pro-
cess operators to think of a mixer as anything other than a 
vessel containing rotating stirrer blades(J). Since their 
inception, however, the many advantages of motionless mixers 
over conventional dynamic mixers has led to a substantial 
increase in their use throughout a wide range of process in-
dustries. 
In addition to the early development of the Kenics Static 
Mixer, many companies have since developed other motionless 
mixers, each with slightly different designs and applications. 
A partial list of these companies, along with references to 
each company's specific mixer, includes the following: Koch 
Engineering Co.(4,5), Dow Chemical Co.(4-6), Armorflite-North-
east and Southeast(?), TAH Industries, Inc.(R), American Enka 
Corp.(6), Prematechnik of Frankfurt(!), lightnin Mixers(!), 
Kenics Corp.(1,5,9), Komax Systems, Inc.(4,10), and Ingersoll-
Rand, Impco Division(11). The following discussion will freus 
on the Dyna-Foil Mixer manufactured by Ingersoll-Rand Co., 
Impco Division, as this is the specific design which was 
used in the experimental portion of this study. 
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Design. As with other motionless mixers, the Dyna-Foil 
Mixer has no moving parts. Each mixer consists of a section 
of pipe, the inside of which is fitted with a series of con-
toured vanes or mixing elements as shown in Figure 1(11). · 
The leading edges of adjacent vanes are oriented at 90 degrees 
to one another. The design of these elements determines the 
types of mixing action that occur within the mixer. The degree 
of mixing is determined by the number of mixing elements. 
These mixers can be supplied with any number of elements to 
provide the most economic solution to a variety of applica-
tions. Also, the degree of mixing can be mathematically pre-
dicted through knowledge of the mixer design and number of 
elements employed. 
The Dyna-Foil Mixer can be . furnished in a wide variety 
of pipe sizes from 6 inches to 20 inches in diameter. Both 
the mixer .housing and the mixing elements themselves are con-
structed of reinforced polyester. The overall length of the 
mixer depends on the diameter and the number of mixing ele-
ments empl oyed. The mixer section is preceded by a shorter 
section for introducing the desired additives into the pulp 
slurry stream , as shown in Figure 2(11). 
Other motionless mixers differ mainly in the shape of 
the mixing elements contained within the pipe. This gives 
each type of mixer specific advantages and disadvantages for 
different applications. 
Principles of Operation. Dyna-Foil Mixers, as with 
other motionless mixers, operate basically by producing mul-
4 
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tiple splitting and recombination of process streams. The 
mixers operate in-line and are installed in a pipeline simply 
by replacing a section of pipe with the motionless mixer. 
Several types of mixing action occur within the Dyna-Foil 
Mixer: 1) two-by-two division of the process stream, 2) cross-
current or radial mixing, and J) axial mixing(11). 
, 
First, the mixing elements form cavities which produce 
relatively low shear division of the entering process stream. 
Each successive element divides each incoming stream into 2 
separate substreams; thus, a mixer containing "n" elements 
produces a total of 2n divisions of the original process 
stream. 
Second, each element generates crosscurrent (radial) 
forces which move material from the center of the process 
stream to the periphery, or vice versa. Migration from the 
center to the outer wall occurs within a single element. 
A third mixing action generated in the Dyna-Foil Mixer 
is axial mixing. This mixing action occurs due to the design 
of the vanes which couses the particles passing to one side 
of the vane to be accelerated while the particles passing to 
the opposite side of the vane are decelerated. 
Detailed models and analyses of mixing action in other 
motionless mixers is given in the literature(12-16). 
Applicat~ Motionless ~ixers are used in many pro-
cess industries in a wide variety of applications. As mixers 
and blenders, they operate effectively at all flow rates 
(laminar or turbulent flow). Many mixers handle gases, liq-
uids, and particulate solids on a continuous basis and can 
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be used to blend materials with greatly differing viscosities 
(although a greater number of mixing elements are required 
for these applications). 
Motionless mixers have also been used for applications 
other than mixing and blending operations. It has been found 
in the literature that some motionless mixers can be used to 
give improved heat transfer rates due to improved heat tran-
sfer film coefficients and a more uniform temperature distri-
bution over the stream cross-section(10,17,18). This results 
from the fact that in laminar flow conditions, several mo-
tionless mixers have been shown to convert the usual parabolic 
velocity profile to a uniform distribution known as "plug 
fl ow" ( 2 , 1 O ) . 
The generation of plug flow can also reduce the spread 
of residence time of the process stream in the static mixer. 
For this reason, some motionless mixers have been employed 
as reactors in the chemical process industries(5). In addi-
tion, motionless mixers have been used as both extractors 
and convective "tubulators" (devices for enhancing convective 
heat and mass transfer in circular ducts)(5,19-21). 
The variety of uses for motionless mixers has led to 
their application to many process industries including chem-
icals, petrochemicals. oils, food, plastics, pharmaceuticals, 
cosmetics, synthetic fibres, water and effluent treatment, 
and pulp and paper. Examples of specific uses of motionless 
mixers found in the literature are numerous and include the 
following areas: textile-fiber production(6), petroleum 
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refining{5), hydrometallurgy(5), plastics(?,22-24), sewage 
treatment(25), adhesive and sealant manufacture(26), mixing 
of viscous polymers(27,28), pulp bleaching(1,5,29), stock 
preparation(l), and starch cooking(JO). Figure 3 shows a 
schematic of a chlorination bleaching stage using a Dyna-Foil 
Mixer to mix chlorine with pulp. 
Motionless mixers offer some distinct advantages over 
conventional dynamic mixers which will undoubtedly lead to 
an increase in the use of motionless mixers. One feature 
that is making motionless mixers an increasingly-attractive 
alternative to dynamic mixers is the fact that motionless 
mixers require no direct power input to achieve mixing. How-
ever, the resulting lower energy costs are partially offset 
by the increased pumping head that is needed to overcome the 
friction loss (pressure drop) resulting from the motionless 
mixer. The pressure drop across motionless mixers will be 
discussed in the next section. 
Other advantages of motionless mixers over dynamic mix-
ers include reduced capital cost ( in many cases), little or 
no maintenance costs, ability to handle a wide variety of 
materials (and viscosities), no practical limit to mixer size, 
quick installation time, wide choice of mixer materials, bet-
ter degree .of mixing (in some cases), and predictable degree 
of mixing. Still another desireable feature of motionless 
mixers is that they provide continuous operation, thus making 
them compat ible with many modern control systems(Jl). 
Friction Loss. Perhaps the biggest disadvantage of 
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Before a Chlorination Bleaching Stage 
motionless mixers is the relatively large pressure drop that 
occurs across the mixer when a process stream flows through 
it. This pressure drop can be many times greater than the 
pressure drop that would be caused by an equivalent section 
of pipe, depending on the application. This pressure drop 
can be partly attributed to ·the large amount of surface area 
present due to the many mixing elements. 
In Technical Bulletin 2-2-15/2B, Ingersoll-Rand Co., 
Impco Division gives a diagram which shows a curve of pres-
sure drops that can be expected at various flow velocities 
through the Dyna-Foil Mixer. This diagram is shown in Figure 
4(11). However, it is not stated in the bulletin to what 
material this curve is applicable (e.g. pulp slurries, poly-
mers, etc.). Furthermore, no information is given concerning 
the values of various parameters which would have an effect 
on the pressure drop flow/velocity relationship, such as 
temperature and viscosity (or consistency) of the material 
and the size and number of mixing elements involved. 
For these reasons, Figure 4 cannot be used to provide a 
meaningful comparison of the pressure drops caused by other 
motionless mixers to those caused by the Dyna-Foil Mixer or 
by equivalent sect1ons of pipe. Therefore, to provide some 
comparison of the magnitude of pressure drops caused by mo-
tionless mixers to those caused by an equivalent section 
of pipe, a motionless mixer manufactured by Komax Systems, Inc. 
is examined. 
For calculating the pressure drop across a Komax motion-
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less mixer, the company has developed a set of equations 
that are published in a bulletin available from the company(10). 
The pressure drop can be calculated with one of two equations, 
depending on whether "laminar" or "turbulent" flow is pres-
ent.("Laminar" and "turbulent" flow as used in this discus-
sion are defined according to the procedure outlined in Bul-
letin 10J supplied by Komax Systems, Inc.) 
Variables affecting the friction loss (pressure drop) 
include flow rate, specific gravity of process material, and 
type of flow (laminar or turbulent). The equation for calcu-
lating pressure drop in turbulent flow also includes a vis-
cosity correction factor. Both equations · calculate a value 
·for pressure drop per mixing element; thus, total pressure 
drop across the mixer is the product of the pressure drop 
per element and the number of elements. 
No published data is available for friction losses ob-
tained with the flow of pulp slurries through the Komax mo-
tionless mixer. Appendix 1 of this paper contains sample 
calculations of the friction losses that would be obtained 
with water flowing through a Komax motionless mixer and 
through an equivalent section of open pipe. Calculations for 
friction loss in an equivalent section of straight pipe are 
based on procedures outlined by McCabe and Smith(2). Calcu-
lations for friction loss through the Komax motionless mixer 
are based on equations published in Bulletin 10J supplied by 
Komax Systems, Inc. The literature also contains results of 
studies on pressure drops for other types of motionless mix-
12 
ers(21). although none of these studies deals with the flow 
of pulp slurries. 
Consistency Measurement 
Areas of Concern. The term "consistency" as used in the 
pulp and paper industry refers to the percent by weight of 
fibrous material or fibrous material plus additives (i.e. total 
solids) contained in a suspension of these solids in water. 
Laboratory determinations of consistency measure the percent 
of total solids while on-line measurements measure only the 
amount of fibrous material in the suspension. Consistency 
is usually expressed on a bone dry (b.d.) basis, that is, the 
amount of dry material as a percentage of the total weight 
of a sample. Consistencies less than 1% b.d. are usually 
considered low while consistencies greater than 6% are con-
sidered high. 
Determinations of pulp slurry consistency are important 
in many areas of pulp and paper production. Some of .these 
areas are bleaching, pulp washing, screening, refining. clean-
ing, material balances, material accounting. stock blending. 
and basis weight control. Poor consistency control in the 
area of basis weight control, for example. can result in 
paper which is out of specifications. 
In the laboratory, consistency measurements are made by 
obtaining a representative sample of the pulp slurry, weigh-
ing a given volume, filtering out the solids, drying the sol-
ids, and weighing the dried solids. As far as on-line meas-
13 
urements of consistency are concerned, however, no practical 
device has yet been developed which will provide a true meas-
urement of absolute consistency as defined above(J2). 
On-line determination of consistency is considered to 
be one of the most important yet one of the most difficult 
measurements to obtain. As one source states, "Despite the 
expenditure of enormous amounts of time, energy, and money 
during the past half century, consistency control has contin-
ued to be one of the major problems in the industry"())). 
Development of consistency transmitter technology has been 
slow. Basically, the same technique is used to measure con-
sistency today as was used in 1928()4). However, improve-
ments have been ma.de regarding reliability and accuracy of 
consistency sensors as well as understanding of how to set 
up a control system for consistency control. 
Principles of Measurement. To date, no company can sup-
ply a device which will provide a continuous measurement of 
absolute consistency. All commercially available devices 
existing today provide an inferential measurement of consis-
tency. These devices. operate on the premise that an empirical 
relationship can be established between certain stock charac-
teristics and consistency. Ideally, a device would measure 
a stock characteristic that is not greatly influenced by 
other variables. Actually, the only really satisfactory in-
strument would seem to be one that could automatically with-
draw a representative sample, remove the water, and weigh 
the remainder in a reasonably short span of time. However, 
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an absolute measure of consistency is not necessarily as im-
portant as reproducibility. 
The problem of inferential measurement of consistency 
lies in the fact that there is no long-term repeatable re-
lationship between the measurement and consistency. In ad-
dition, the short-term relationship is neither linear nor 
the same for different furnishes. Part of this problem lies 
in the fact that stock is a two-phase suspension of water and 
fibers which is non-Newtonian and exhibits no well-defined 
hydraulic properties(J2). 
The most commonly used consistency sensors today operate 
by measuring ·one of two closely related stock characteristics: 
1)apparent viscosity, as measured by the friction between 
the surface of a stationary or rotating body and the pulp 
suspension flowing past it, and 2) fiber network strength. 
as measured by the force required to break the fiber network 
apart. Other methods which have been employed with some suc-
cess include optical (depolarization of light, transmitted 
and scattered light), sonic, vibration, microwaves. drainage 
rate, electrical resonance, conductivity, motor load, tur-
bidity, density, infrared absorption, and compressibility of 
a pulp pad. Many of these measurement principles are dis-
cussed in the literature(J5). However, this report w.ill fo-
cus on the principle of apparent viscosity to mgasure con-
sistency, as this is the characteristic which will be used 
as a measure of consistency during the experimental phase of 
this study. 
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The simplest measurement of apparent viscosity of a pulp 
suspension is the measurement of the pressure drop due to 
surface friction across a length of pipe. This is the method 
which was attempted in the experimental portion of this study. 
Other ways to measure apparent viscosity include the measure-
ment of the torque necessary to rotate a paddle in a pulp 
suspension and the measurement of drop in level between two 
points in a trough in which the slope of the surface is de-
pendent on the apparent viscosity of the stock(32). 
The '{ll8-in drawback to using the measurement of a consis-
tency-related stock characteristic as a measure of consist-
ency is that these characteristics are also affected by many 
variables other than consistency. Depending on the design 
of the particular measuring device, these other variables can 
include stock flow rate, temperature, pH, air content, and 
total static pressure. Variables such as fiber type, fiber 
treatment (i.e. refining), presence of additives (e.g. fillers, 
dyes, and alum), flow conditions (calm or turbulent), and 
other variables still not understood can also affect the 
reading of some devices. 
Detailed studies of the effects of some of these variables 
on readings obtained with commercially available consistency 
transmitters can be found in the literature(J6-J9). Often, 
the results of these studl~s apply only to a specific type 
of device or application. However, some generalized state-
ments which apply in the majority of situations can be made 
concerning the effect of certain variables on devices which 
16 
operate on the principle of apparent viscosity. Generally 
speaking, sensors which measure apparent viscosity are espe-
cially sensitive to temperature and type of furnish. Usually 
as temperature is increased, a decrease in the apparent vis-
cosity is sensed giving a falsely low value for consistency. 
Conversely, longer fibers generally produce an increase in 
apparent viscosity giving a falsely high reading for consis-
tency. 
Most commercially available consistency sensors are de-
signed in such a way that the effects of as many extraneous 
variables as possible are eliminated or minimized. Further-
more, if the quantitive effects of these variables on a par-
ticular system are known, modern computer control systems 
can automatically compensate for the effects of these var-
iables on the reading of the consistency sensor. 
Commercially Available Consistency Sensors. A wide va-
riety of devices have been developed to provide a continuous 
measurement of consistency. Most of these devices operate 
in the range of 2-6% consistency which is the range most com-
monly found in most pulp and paper mills. Recently, however, 
much work has been done in the development of devices which 
will provide measurements of consistencies below 2%. 
Since none of these devices provide a measurement of 
true absolute consistency, it is desirable that certain cri-
teria are followed in order for them to be useful in consis-
tency control systems. First, the measurement should be re-
peatable. This is probably the most des:irable characteris-
17 
tic as far as consistency control is concerned. Secondly, 
the sensor should be sufficiently sensitive over the desired 
measurement range. Thirdly, the sensor design should elim-
inate or minimize the effects of extraneous variables. Final-
ly, as with all control systems, the sensor should require 
little maintenance, a criteria that is often overlooked(40). 
Consistency transmitters are usually classified chiefly 
by installation. Different categories can include sensors 
that measure consistencies below 2% vs. those that measure 
consistencies in the range of 2 t .o 6%, sampling devices vs. 
full-stream devices, atmospheric vs. pressurized installations, 
and devices which employ stationary sensors vs. those with 
driven sensors. The most recent developments are full-stream 
pressurized types with stationary sensors designed to com-
pensate for the effects of flow velocity on the measurement(J2). 
Most of the full-stream pressurized type devices can also be 
used as sampling devices, but this is not common due to t ·he 
problems involved with obtaining a representative sample. 
No attempt will be made here to describe each of the 
wide variety of devices available to provide a measurement 
of consistency. Many of these devices along with their ap-
plications are described in the literature(32,J4,37,41-54). 
This report will focus only on those devices which use a 
measure of apparent viscosity of a pulp suspension as measured 
by pipe surface friction to determine a value for consistency. 
Most devices using a measure of a pipe surface friction 
to determine consistency are sampling types. The friction 
18 
' caused by pulp flow through the pipe is usually measured in 
one of two ways: l)by measuring the head of stock required 
to maintain a constant flow through a friction tube or vis-
cosity tube, or 2)by measuring the pressure drop across a 
length of pipe caused by a pulp suspension flowing at a con-
stant velocity. This latter method is the one which was em-
ployed in the experimental phase of this study. 
Two commercially available devices which measure pipe 
surface friction to determine consistency have been devel_oped 
by Sall and Trimbey(55). Trimbey introduced the first fully 
automatic consistency regulator in 1916. This device, pic-
tured in Figure 5, consists of a two-compartment box. A 
constant head in the upper compartment, maintained by a weir, 
feeds a constant flow of pulp via an orifice plate into a 
standpipe in front of the box. The head developed to pass 
this flow through the viscosity tube into the lower compart-
ment is measured by means of a bubble tube connected to a 
mercury manometer. This device is still being used in many 
mills and according to one source, "Many paper mills still 
insist that it is the most reliable and most suitable method 
to control consistency( 41)." 
Another device which measures the head necessary to pass 
a constant flow of pulp through a length of pipe is shown. in 
Figure 6. This device is similar to the one shown in Figure 
5, except that the head of stock is measured by the position 
of float B. Other descriptions of these devices can be found 
in the liter ature(44,56-57) . Problems with these devices 
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which limit their effectiveness include selection of the pro-
per size viscosity tube, sampling problems, special piping 
requirements, and the inherent time lags involved in the 
control system. 
Other devices measure the pressure drop across a by-pass 
pipe through which pulp is flowing at a constant velocity. 
The flow velocity can be made constant by means of a special 
flow regulator or volume pump. However, both regulator and 
pump produce their own problems(44). Another system uses a 
pump connected to a dump chest: or discharge from a continuous 
pulper(JB). The pump recirculates the stock ·to the dump 
chest through a venturi throat. · The pressure drop across 
the venturi throat is then used as a measure of the apparent 
viscosity and hence, consistency. However, a problem with this 
system was that the particular pump used often became damaged 
due to wires from the pulper. 
Finally, if enough information is known about the resis-
tance properties of the type of pulp in the pipe, as well as 
the velocity and pipe size, the friction loss can be deter-
mined by means . of a computer. Additional corrections for 
variables such as temperature, pH, and degree of beating can 
also be made, thus providing a good correlation between fric-
tion loss and consistency. Some of the knowledge available 
about the behavior of pulp suspensio~s flowing in pipe~ and 
fittings will be discussed in the following section. 
In spite of the limitations of today's consistency sen-
sors, there doesn't appear to be any radically new instrument 
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in sight that will solve all problems. As one source states, 
"Research scientists are still trying to find some undisco-
vered phenomenon of fiber slurries that can be used to obtain 
a more direct measurement of consistency and provide the pulp 
and paper industry with a new handle on this most elusive 
variable{J2)." 
Friction Losses of Pulp Flows 
Friction Losses in Straight Pipes. To date, no pu~lished 
information is available concerning the friction loss of pulp 
suspensions flowing through motionless mixers. However, nu-
merous studies have been conducted concerning the frictional 
pressure drop that occurs when pumping pulp suspensions through 
straight pipes. A recent review of this subject was published 
by Norman et. al.(58). One of the most comprehensive studies 
in this area was conducted by Heller in 1935 as reported by 
Brecht an~ Heller(59). Original data from this study have 
become widely accepted and have been used by others to de-
velop correlation equations and design procedures(6O-64). 
The study by He·ller showed the effect of the following var-
iables on pipe friction lossz velocity, consistency~ pipe 
diameter, pipe roughness, freeness, average fiber length, 
temperature, load, and various papermaking pulps. This 
report will discuss only the effect of consistency on pres-
sure drop. 
Data obtained on the effect of pulp consistency on fric-
tion loss as reported by Brecht and Heller are shown in 
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Figure 7(59). It can be seen that at constant velocities of 
both 9.84 and lJ.12 feet per second, the friction loss actu-
ally decreases first as consistency increases. For these 
curves, the minimum value for friction loss occurs somewhere 
between 1.0 and 2.0% b.d. consistency. Brecht and Heller 
further state that this unusual behavior becomes more marked 
the higher the flow velocity. They also state that this 
minimum value for friction loss occurs at a higher consistency 
at higher velocities although this observation is not readily 
apparent from Figure 7. Also, it is obvious that after reach-
ing a minimum value, the friction loss increases rapidly at 
increasing consistencies. 
According to the data presented by Brecht and Heller, 
it is obvious that any device using a measure of pressure 
drop to determine consistency could not be used in the range 
of Oto J.0% consistency (at least for the pulp types and 
other conditions used in this study). The problem in this 
range lies in the fact that a given value for friction loss 
could be caused by either of two different consistencies. 
However, if the exact consistency at which the minimum fric-
tion loss occurred were known for the particular application 
under consideration, a device measuring pressure drop to de-
termine consistency could be used, providing that the range 
of consistencies measured was ei~~er lower than or higher. 
than the consistency value at which the minimum friction loss 
occurred. 
A study by Duffy, et. al.(65) showed the effect of con-
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sistency on pipe friction loss for consistencies above 7%. 
The results of this study along with comparisons to the data 
from two other studies are shown in Figure 8. It can be seen 
that the results of these studies agree with the data of 
Brecht and Heller in that increasing consistencies (in this 
range) result in steep increases in pipe friction loss. 
Figure 8 also shows good correlation between the data obtained 
in the three different studies. 
Friction Losses Due to Pipe Bends and Fittings. Many 
of the studies undertaken to determine the friction losses 
in straight pipes have been isolated from situations that 
would disturb the steady-state flow pattern. However,. Durst(66) 
claims that unpublished , studies . have shown that there is little 
steady-state flow in the average pulp stock flow system. For 
this reason, he conducted a study to determine the effect of 
fittings on friction losses in piping systems carrying pulp 
slurries. 
According to Durst, the results of greatest significance 
which he obtained were data which showed that the introduc-
tion of reducers and elbows into a piping system caused the 
friction loss of a straight section of pipe following the 
fittings to be lower than the friction loss of a straight 
section or equal length pipe which was isolated from the ef-
fects of fittings. H~wever, he states t~at he knows of no 
adequate theory which will explain this result. Finally, he 
states that the results he obtained would seem to indicate 
that the pressure drop of the fittings, which increases the 
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equivalent length of the system, is balanced by the reduced 
pressure drop of the straight sections following the fittings. 
A similar study of the head losses in pipe bends and 
fittings was conducted by Moller and Elmquist(67). They claim 
that the results obtained by Durst(66) are unreliable because 
the placement of pressure tappings was too close to the bend 
or fitting being studied. They report that in all cases stu-
died, the head loss over a pipe bend or fitting increases 
with increasing consistency. However, this effect is only 
slight. As a very approximate rule of thumb, the head loss 
increases approximately 20% for every 1% increase in consis-
tency. They also state that the head loss through a pipe 
bend or fitting is independent of pipe diameter or the prox-
imity of other bends and fittings. 
EXPERIMENTAL PROCEDURE 
Equipment 
In order to study the flow of pulp slurries through a 
motionless mixer, specifically with regard to friction losses, 
a flow loop was assembled. A simplified schematic of this 
flow loop is shown in Figure 9. This flow loop consisted of 
a stock chest, a centrifugal pump, two flow control valves, 
a magnetic flowmeter, and a motionless mixer. The pump re-
moved stock from the chest, pumped it through a flow control 
valve, through the motionless mixer, through a second flow 
control valve, through a magnetic flowmeter, and back into 
the stock chest. 
26 
PUMP 
Figure 9. Schematic of Flow Loop 
FLOW 
CONTROL 
VALVE 
PRESSURE 
TRANSMITTERS 
i---:.;~--1""' / ..._ ______ __. 
MOTIONLESS 
MIXER 
BLEED LINE 
MAGNETIC 
FLOWMETER 
FLOW 
CONTROL 
VALVE 
STOCK 
CHEST 
The stock chest used was a 1000 gallon tile-lined chest 
with a propeller-type agitator. The pump used was a Goulds 
model J175 rated at 500 gallons per minute(gpm) and 1780 rpm 
with 100 feet of head developed. The two flow valves were 
pneumatically controlled from an instrument panel and each 
control valve included a valve positioner. The magnetic 
flowmeter was located immediately before the second flow con-
trol valve. The signal was transmitted to a remote control 
panel where the flow rate could be read out in gpm. 
The flow loop ·also included a bleed line consisting of 
a two-inch (inside diameter) plastic hose which allowed the 
pulp slurry to be bled off immediately before the first flow 
control valve and recirculated directly to the stock chest. 
The remainder of the piping consisted of five-inch stainless 
steel pipes and rubber hoses. 
The motionless mixer used in this study was a pilot 
version_of the Dyna-Foil Mixer, a motionless mixer manufactured 
by Ingersoll-Rand Co., Impco Division. Information on the 
commercially available versions of the Dyna-Foil Mixer can 
be obtained from Technical Bulletin 2-2-15/2B published by 
the company(11). The pilot version of the Dyna-Foil Mixer 
was manufactured for the Department of Paper Science and 
Engineering at Western Michigan University. Specifications 
for this pilot mixer were obtained from Technical Drawing 
E15-0201 supplied by the manufacturer(68). 
The motionless mixer consists of two sections of acrylic 
pipe, each containing 5 mixing elements. Each section is 16 
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inches in length with an inside diameter of 1 7/8 inches and 
¼ inch thick pipe walls. The two sections can be joined to-
gether to give a total of 10 mixing elements, or each section 
can be used separately. The maximum working pressure of the 
mixer is 50 pounds per square inch(psi) and the maximum oper-
ating temperature is 90 degrees Fahrenheit. The mixing ele-
ments are constructed of acrylic also. 
To measure the pressure drop across the Dyna-Foil Mixer, 
two miniature pressure transmitters were used. The pressure 
transmitters are manufactured by Paper Machine Components, 
Inc. Details and specifications of the pressure transmitters 
can be found in a bulletin published by the manufacturer(69). 
The two pressure transmitters were located on either side of 
the motionless mixer. The pneumatic signals from the two 
pressure transmitters were relayed to a remote control panel 
where both the inlet and outlet pressures of the motionless 
mixer could be read in psi. 
Procedure 
Several trials were rtin to study the flow of pulp slur~ 
ries through the Dyna-foil Mixer. The objective was to ob-
serve the effects of the following variables on the pressure 
drop caused by the pulp flows flow rate, pulp consistency, 
number of mixing elements, and pulp type. In addition, vis-
ual observations were made concerning the general appearance 
of the flow of pulp through the mixer. The effects of other 
variables including the pH, temperature, and freeness of the 
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stock were not studied; therefore, the values of these var-
iables were held constant. The two types of pulp used in this 
study were a Canadian bleached softwood sulphate pulp (Espinola) 
and a bleached hardwood sulphate pulp produced by Weyerhauser. 
For the trials, the desired quantity of pulp· was weighed out 
(usually 100 pounds o.d.) and pulped in the hydropulper along 
with the necessary quantity of water to give the desired con-
sistency. No additives of any kind were used and no refining 
was done on the pulp. The pulp was then pumped from the 
hydropulper into the 1000 gallon stock chest. 
The pH of the pulp slurry was checked before each trial 
and this value remained constant at 7.7 throughout all trials. 
The freeness of each batch of pulp was also measured and this 
value also remained constant (within experimental error) at 
640 Canadian Standard Freeness(CSF). It was thought that the 
freeness of the stock might change during the trial runs due 
to the work being done on the stock by the pump and piping 
system; therefore, samples of the stock were taken at various 
intervals of each trial to check the freeness. It was found 
that if the same pulp was used for a number of trials, a sig-
nificant change in freeness did occur. In order to avoid 
this, a new batch of pulp was prepared for each trial. Meas-
urements then confirmed that the stock freeness did not change 
significa~tly {i.e. outside of experimental error) during a 
single trial run. 
The temperature of the pulp slurry increased initially 
as the pulp was pumped through the flow loop. Therefore, in 
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order to obtain a constant temperature, the pump was started 
and the system was allowed to run until an equilibrium tem-
perature was achieved--this usually took from 20 to JO minutes 
for pulp consistencies below J%(o.d.). For the range of con-
sistencies reported on in this study, the equilibrium temper-
ature reached was between 31 and 32 degrees centigrade for 
all trial runs. 
Initially, stock consistencies were calculated from the 
quantities of water and pulp mixed in the hydropulper. How-
ever, the actual stock consistencies as reported in this 
report were calculated from samples of pulp slurry taken from 
the discharge end of the flow loop (i.e. stock that had ac-
tually flowed through the motionless mixer). This was done 
to eliminate any problems with mixing that occurred in the 
stock chest. 
RESULTS 
Effect of Number of Mixing Elements 
The first set of trials were run to determine the effect 
of the number of mixing elements on the pressure drop that 
occurred across the motionless mixer. The data from these 
trials are listed in Appendix 2. A plot of these data is 
given in Figure 10 which shows the effect of flow velocity 
on pressure drop for two different quantities of mixing ele-
ments. An attempt was made to linearize these curves by 
plotting pressure drop as various functions of flow rate 
(e.g. log of pressure drop vs. log of flow rate, square root 
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of pressure drop vs. flow rate, etc.); however, due to the 
unique flow behavior of pulp slurries, none of these plots 
gave a curve which was linear over the entire range of flow 
rates. Therefore, it was decided to plot the data in its 
original form. 
It can be seen from Figure 10 that the pressure drop 
from only 5 mixing elements is almost always lower than the 
pressure drop due to 10 mixing elements, as expected. However, 
as the flow rate increases, the percentage difference between 
the pressure drop with 10 elements and the pressure drop with 
5 elements becomes increasingly greater. At low flow rates 
(below 100 gpm), the pressure drop from 5 elements is nearly 
equal to that caused by 10 elements. At flow rates above 
200 gpm, however, the pressure drop from 10 elements is ap-
proximately 1.5 to 2 times as great as the pressure drop with 
5 elements. 
A possible explanation for this behavior is that at low 
flow rates, the friction loss due to the mixing elements 
themselves is possibly a relatively small percentage of the 
total friction loss in the mixer due to both the mixing ele-
ments and the pipe walls. At higher flow rates, however, the 
friction loss caused by the mixing elements may be a much 
greater percentage of the total friction loss in the mixer. 
Effect of Pulp Type 
Two trials were also run to determine the effect of pulp 
type on pressure drop across the motionless mixer. The two 
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different types of pulp used were a bleached hardwood sul-
phate and a bleached softwood sulphate pulp. Data from these 
trials are listed in Appendix J. A plot of these data is 
given in Figure 11. 
Figure 11 shows that there is very little difference be-
tween the pressure drop caused by the softwood pulp and that 
caused by the hardwood pulp. It appears that at higher flow 
rates, the softwood pulp may have resulted in slightly greater 
pressure drops than the hardwood pulp. However, when the 
data was statistically analyzed, it was found that there was 
no significant difference (based on a 95% confidence interval) 
between the hardwood data and the softwood data. 
It is felt that the reason for no statistical difference 
between the hardwood data and the softwood data is because 
of the relatively large amount of experimental error involved 
in the trials. The error in reading a value for flow rate 
was estimated to be plus or minus J gpm. Also, the error in 
reading both the inlet and outlet pressures of the motionless 
mixer was estimated to be O.J psi, thus giving a total error 
in pressure drop of plus or minus o.6 psi. It is very pos-
sible that the differences in pressure drop due to the pulp 
type alone are within the experimental errors, as other stu-
dies have shown that the longer fibers in softwood pulps cause 
greater pressure drops in pipe:U.nes than do hardwood pulps( 59). 
Effect of Consistency 
A number of trials were run to determine the effect of 
consistency on pressure drop. One set of trials was run 
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using hardwood pulp and 10 mixing elements. The data from 
these trials are listed in Appendix 4. Another set of trials 
was run using softwood pulp and 5 mixing elements. The data 
from these trials are listed in Appendix 5. Plots showing the 
effect of consistency on pressure drop are given in Figures 
12 and 1_3. 
Originally, it was planned to run trials using consis-
tencies ranging from 5% to 2% o.d. However, with consisten-
cies above 3% o .d., adequate mixing could not be achieved in 
the stock chest. Because of this, the consistency of the 
pulp flowing through the flow loop varied widely. Therefore, 
data for all trials using pulp consist.enc ies above .3% o .d. 
were discarded 
Figure 12 shows the effect of pulp consistency on pres-
sure drop using hardwood pulp and 10 mixing elements. It is 
evident that increasing the consistency of the pulp slurry 
increased the pressure drop across the motionless mixer at 
essentially all flow rates. It can also be seen from Figure 
12 that at very high flow rates, the pressure drop from the 
pulp slurries becomes less than that from water. 1his inter-
esting phenomenon has been observed in studies of pulp flows 
in pipelines and the crossover point has been termed "the 
onset of drag reduction." Descriptions of the flow mechanisms 
involved have been given in the literature(58). 
Figure 1.3 also shows the increase in pressure drop that 
occurred when the pulp consistency was increased. The onset 
of drag reduction can again be observed at higher flow rates. 
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Analysis of variance and correlation tests were applied 
to the data from Appendices 4 and 5 in an effort to establish 
a correlation between the pressure drop across the motionless 
mixer and the consistency of the pulp slurry. Analysis of 
variance tests showed that due to the magnitudes of exper-
imental error involved in this study, the differences in 
pressure drop due to differences in consistency were often 
statistically insignificant. Furthermore, correlation tests 
on the data revealed that onlr relatively low correlation 
coefficients could be established between pulp consistency 
and pressure drop across the motionless mixer. It is felt 
that the reason for this is because the large number of var-
iables that affect pressure drop in addition to consistency 
could not be controlled closely enough for their effects to 
be considered negligible. 
Repeatability of Trials 
In order to evaluate the degree of repeatability of the 
trial runs, two separate runs were made under the same con-
ditions. Data from these two trials are given in Appendix 6. 
A plot of these data is shown in -Figure 14. 
From Figure 14, it is evident that the pressure drop/ 
flow rate relationship is highly repeatable under the condi-
tions stated. The data from the two trials follow essen-
tially the same curve, especially when experimental error is 
taken into consideration. 
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CONCLUSIONS 
Based on the data obtained from this study, several con-
clusions can be drawn. First, it can probably be stated 
that using the measurement of pressure drop across the Dyna-
Foil Mixer as a determination of pulp consistency is not 
feasible. Although changing pulp consistency does cause a 
change in pressure drop, the pressure drop is also affected 
by numerous other variables, many of which do not remain con-
stant in a .flow of pulp through a flow system. Because of 
the unique flow behavior of pulp suspensions (much of which 
is not yet fully understood), it is difficult to establish 
correlations between pulp properties such as consistency and 
flow characteristics of the pulp slurry. 
In spite of the limited usefulness of using the pressure 
drop across the Dyna-Foil Mixer as a determination of pulp 
consistenc y , the empirical data generated from this study 
can have some practical value. The data give values for the 
magnitudes of pressure drop that can be expected when using 
the Dyna-Foil Mixer under the conditions stated. This infor-
mation could be useful when designing a flow system for pulp 
slurries in which the Dyna-Foil Mixer is to be used. Know-
ledge of the pressure drops that will likely occur across the 
mixer will enable the operating costs of the mixer to be de-
termined in terms of additional pumping costs needed to over-
come these pressure drops. This will aid in determining the 
overall economics of a mixing operation in which the Dyna-Foil 
Mixer is to be employed. 
41 
RECOMMENDATIONS 
As motionless mixers continue to grow in use in the pulp 
and paper industry, knowledge of the behavior of pulp flows 
through these mixers will become increasingly important. 
Although manufacturers of motionless mixers claim that large 
energy savings can be realized through use of their products 
over conventional dynamic mixers, the magnitude of these 
energy savings will undoubtedly be partially offset by the 
increased pumping costs needed to overcome the large frictional 
losses that occur across motionless mixers. Empirical data 
on specific motionless mixers, such as that generated in this 
study, will enable the economics of mixer applications to 
more easily and accurately be determined. 
Future work in this area could possibly be improved in 
several ways. First, a wider range of consistencies should 
be studied. This will require mixing and pumping equipment 
which can handle stock at higher consistencies . If possible, 
some of the experimental error could be reduced by obtaining 
equipment which will give more precise readings of flow rate 
and inlet and outlet pressures. Additional studies could 
examine the effects of other variables on pressure drop such 
as amount of refining, temperature, and pH of the stock. 
Finally, another variable which could have an effect on pres-
sure drop which was not controlled in this study is total 
static pressure at the inlet to the motionless mixer. Future 
studies should either hold this variable at a constant value 
or control its value so its effects can be studied. 
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APPENDIX 1. 
Sample Pressure Drop Calculations 
Komax motionless mixer 
Given Informations 
-20 mixing elements 
-6 inch, schedule 40, carbon steel housing (I.D. = 6.o inches) 
-flow rate (Q) = 540 gallons per minute (gpm) 
-viscosity(µ)= 1.0 centipoises (cps) 
-specific gravity (s) = 1.0 (dimensionless) 
-element length= 5,27 inches (from Bulletin 103 (10) ) 
Equations from Bulletin 103s 
Re=3157Qs 
µD 
If Re is less than 500, mixer flow is laminar. 
If Re is greater then 500, mixer flow is turbulent. 
For laminar flows 
4 -4 4P1 = .2x10 Qu J , 
D 
For turbulent flow, 
4 -2 2 · 4P1 = 1. x10 Q sk 
04.4 
where, 
Re=Reynolds number--dimensionless 
Q =Flow rate--gallons per minute 
s =specific gravity--dimensionless 
µ =viscosity--centipoise 
D =Inside diameter of pipe or tube--inches 
P1=Pressure drop per element--psi k =Viscosity correction factor for turbulent flow 
Calculation for Reynolds number, 
Re= 315{ (540i (1.0) = 284,130 
1~0) 6.0) 
. . Flow is turbulent, so uses 
4 -2 2 AP1=1. xl0 Q sk D4.4 
From Bulletin 103 at u=1.0 cps, k=1.0, 
AP1=1.4x10-
2 (540) 2 (1.0)(1.0) = 1,54p~i; 0 Total AP=l,54(20)= 30,8 psi 
(6.0)4.4 
(continued) 
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APPENDIX 1. (continued) 
Equivalent length of pipe 
Given Information, 
-6 inch I.D., schedule 40 steel pipe 
-flow rate (Q) = 540 gpm 
-viscosity(µ)= 1.0 cps 
-density (f) = 62.4 pounds per cubic foot 
Equations from McCabe and Smith(2), 
NRe=D~e 
.Ap=4feAL v2 
D 2gc 
wheres 
NRe=Reynolds number--dimensionless 
D = Inside diameter of pipe--feet 
v = average flow velocity--feet per second 
f = density of process material--pounds per cubic foot 
p = viscosity of process material--pounds per foot per second 
:f= Fanning friction factor--dimensionless 
AL= Length of pipe--feet 
g = gravitational constant--32.17 feet per second squared 
Ape= pressure drop due to skin friction--pounds per sqitm-e; foot 
Calculation for average flow velocity (v): 
V=.Q, A=inside cross-sectional area of pipe 
A 
v=540 gTm x 1 ft. 3 x 1 min. = 6.13 ft./sec 
~(.25 2 7.48 gal 60 sec 
Calculation for Reynolds 
cps 
Calculation for pipe length (.AL): 
From Komax Bulletin 103(10), 
284,600 
lengtn of mixer=(# of elements+ 2)x(element length) 
length of mixer=(20 + 2)(5.37 inches) 
pipe length= length of mixer= 118 inches (9,845 ft.) 
(continued) 
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APPENDIX 1. (continued) 
Calculation for pressure drops 
From Figure 5-9, McCabe and Smith (2), 
:f@ NRe=285,000, k/D=0.000J 
:f =0. 0044 
. 2 
.. Ap=4(0.0044)(62.4)~9.845)(6.1J) 
(0.5 2(J2.17) 
= 12.6J lbs./ft. 2 = 
Comparison of pressure dropsc 
AP for motionless mixer= 30.8 psi 
6P for equivalent length of pipe= 0.088 psi 
49 
0.088 psi 
APPENDIX 2 
Data Table 1 
-bleached softwood sulphate 
-640 CSF 
-1.70% consistency(o.d.) 
-31 degrees centigrade 
-7.7 pH 
Flow Rate 
{gpm) 
257 
252 
242 
230 
221 
208 
200 
180 
170 
150 
139 
125 
110 
80 
75 
56 
Flow Rate 
{ gpm) 
284 
280 
275 
243 
230 
214 
203 
191 
178 
149 
142 
105 
84 
63 
56 
JO 
10 Mixing Elements 
Inlet Pressure Outlet Pressure 
c4si) (psi) 5.0 11.0 
45.0 13.5 
45.5 17.0 
46.o 19.8 
46.5 22.0 
48.0 25.5 
48. 2 27 .7 
49.5 32.0 
50. 0 J4 .o 
51.5 38.2 
52.0 40.5 
53.0 43.2 
54.2 46.5 
55.0 49.2 
55.0 50 .o 
56.2 52.2 
5 Mixing Elements 
Inlet Pressure Outlet Pressure 
c4si) (psi) 2.8 17.3 
43.2 21.0 
43.5 23.0 
46.o 29.5 
46.5 31.0 
48 .o J4 .o 
48.5 36.0 
49 .o 37. 5 
50.0 40.0 
52.0 43.5 
52.5 44.5 
54.5 49.2 
55.5 51.0 
57.0 53.0 
57. 2 53. 5 
58 .1 56 .2 
50 
Pressure Drop 
{psi) 
J4.0 
31.5 
28.5 
26.2 
24.5 
22.5 
20.5 
17.5 
16 .o 
13.3 
11.5 
9.8 
7.7 
5.8 
5.0 
4.o 
Pressure Drop 
(psi) 
25.5 
22.5 
20.5 
16.5 
15.5 
14.o 
12.5 
11 . 5 
10.0 
8.5 
8.0 
5.3 
4.5 
4.0 
3.7 
1.9 
APPENDIX 3 
Data Table 2 
-5 mixing elements 
-640 CSF 
-1.70% consistency(o.d.) 
-31 degrees centigrade 
-7.7 pH 
Bleached Softwood Sulphate 
Flow Rate Inlet Pressure Outlet Pressure Pressure Drop 
(gpm) (psi) (psi) (psi) 
280 
275 
250 
2JO 
200 
145 
142 
135 
110 
100 
80 
62 
50 
JO 
Flow Rate 
(gpm) 
292 
290 
280 
270 
255 
245 
215 
210 
200 
195 
195 
170 
150 
130 
119 
115 
100 
60 
35 
41.5 
41.5 
43 .o 
45.0 
47.0 
50.0 
50.0 
50 .5 
52.5 
52.5 
54.o 
55.0 
55.0 
56.0 
5.5 
15.0 
23.5 
29.0 
J4 .o 
42.0 
41.5 
43.5 
46.o 
46.5 
50.0 
51.0 
52 .5 
.54.5 
Bleached Hardwood Sulphate 
Inlet Pressure Outlet Pressure 
c4si) {psi) 2.0 o.o 
42.0 J.O 
42.5 15.5 
43.5 22.5 
44.5 26.5 
45.0 28.5 
47.0 33.5 
48 .o 35 .o 
47 .o 35 .o 
48.5 36.5 
48.0 36.5 
49.5 39.5 
50.5 42.0 
52.0 45.0 
52.5 46.o 
53.0 46.5 
54.0 49.0 
55.5 52.5 
57 .o 55 .o 
51 
36.0 
26.5 
19.5 
16.0 
13.0 
8.0 
8.5 
7.0 
6.5 
6.o 
4.0 
4.0 
2.5 
1.5 
Pressure Drop 
c4si> 2.0 
39.0 
27.0 
21.0 
18.0 
16.5 
13.5 
13.0 
12.0 
12.0 
11.5 
10.0 
8.5 
7.0 
6.5 
6.5 
5.0 
3.0 
2.0 
APPENDIX 4 
Data Table 3 
-bleached hardwood sulphate 
-640 CSF 
-10 mixing elements 
-J2 degrees centigrade 
-7.7 pH 
Flow Rate 
(gpm) 
252 
245 
2)4 
227 
207 
202 
194 
185 
175 
159 
144 
130 
117 
109 
75 
46 
18 
Flow Rate 
(gpm) 
252 
230 
215 
209 
190 
180 
163 
150 
144 
1J9 
127 
112 
105 
90 
85 
60 
24 
2.44% Consistency(o.d.) 
Inlet Pressure Outlet Pressure 
c4si) (psi) 4.o 9.0 
44.5 12.2 
45.2 16.0 
45.8 18.0 
46.8 22.5 
47.0 23.8 
48.0 26.0 
48.3 28.3 
49.0 30.5 
49.8 33.8 
50.5 36.5 
51.2 39.2 
52.0 41.8 
52.5 43.0 · 
.54.3 48.7 
55.8 52.0 
56. 2 55. 2 
1.87% Consistency(o.d.) 
Inlet Pressure 
c4si) 4.5 
46.2 
47.0 
47.7 
48.8 
49.2 
50.5 
51.5 
51.8 
52.0 
52.2 
53.5 
53.9 
.54. 5 
55.0 
56.0 
57. 5 
Outlet Pressure 
(psi) 
52 
14.0 
20.2 
24.2 
26.0 
30.0 
32.5 
36.0 
38.5 
39.8 
40.5 
42.8 
44.8 
46.o 
47.9 
48.5 
51.7 
55.5 
Pressure Drop 
(psi) 
35.0 
32.3 
29.2 
27.8 
24.3 
23.2 
22.0 
20.0 
18.5 
16.0 
14.0 
12.0 
10.2 
9.5 
5.6 
3.8 
1.0 
Pressure Drop 
(psi) 
30.5 
26.0 
22.8 
21.7 
18.8 
16.7 
14.5 
13.0 
12.0 
11.5 
9.4 
8.7 
7.9 
6.6 
6.5 
4.J 
2.0 
Flow Rate 
(gpm) 
255 
250 
245 
225 
217 
180 
155 
150 
135 
120 
90 
68 
JO 
Water 
Inlet Pressure Outlet Pressure 
(psi) (psi) 
43.5 7.5 
4J.O 11.5 
44.5 16.5 
45.5 23.0 
46.o 24.5 
49.0 32.5 
49. 8 37. 8 
50. 0 J8. 5 
50.5 40.8 
52.0 43.5 
53.0 48.0 
54.5 50.5 
55.0 53.0 
53 
Pressure Drop 
(psi) 
J6.o 
31.5 
28.0 
22.5 
21.5 
16.5 
12.0 
11.5 
9.7 
8.5 
5.0 
4.0 
2.0 
APPENDIX 5 
Data Table 4 
-bleached softwood sulphate 
-640 CSF 
-5 mixing elements 
-Jl degrees centigrade 
-7.7 pH 
Flow Rate 
{gpm) 
278 
271 
265 
257 
24J 
227 
210 
202 
176 
155 
145 
120 
110 
82 
JO 
Flow Rate 
(gpm) 
277 
268 
246 
235 
205 
189 
167 
145 
130 
120 
95 
62 
50 
20 
2.92% Consistency (o.d.) 
Inlet Pressure Outlet Pressure 
<esi) (psi) 
1.5 A.5 
41.5 13.5 
42.0 17.5 
42.5 20.0 
43.0 23.0 
44.5 26.0 
45.5 29.0 
46.0 JO.O 
47.5 34.0 
49.0 37.5 
49.5 39.0 
49.0 41.0 
50.0 42.5 
51.0 46.o 
53.0 49.5 
2.42% Consistency {o.d.) 
Inlet Pressure Outlet Pressure 
<esi) (psi) 
2.5 15.0 
43.0 21.0 
44.5 25.5 
45.5 27.5 
47.5 33.0 
48.5 35.5 
49.5 38.5 
51.0 41.5 
52.0 43.5 
52.5 45.0 
,54.o 48.o 
55.5 51.5 
56 .o 53 .o 
57 .o 55 .o 
54 
Pressure Drop 
(psi) 
33.0 
28.0 
24 .5 
22.5 
20.0 
18.5 
16.5 
16.0 
13.5 
11.5 
10.5 
8.0 
7.5 
5.0 
3.5 
Pressure Drop 
(psi) 
27.5 
22.0 
19.0 
18.0 
14 .5 
13.0 
11.0 
9.5 
8.5 
7.5 
6.0 
4.0 
3.0 
2.0 
Flow Rate 
{~m) 
2 0 
276 
267 
260 
230 
220 
187 
168 
145 
134 
120 
108 
90 
75 
60 
52 
35 
Flow Rate 
{gpm) 
286 
280 
271 
255 
245 
230 
223 
217 
200 
193 
180 
165 
148 
133 
111 
99 
75 
63 
50 
34 
2.29% Consistency {o.d.) 
Inlet Pressure Outlet Pressure 
c4si) {psi) 2.5 17.0 
43.0 19.5 
43.5 22.5 
44.o 24.o 
46.0 29.5 
46.5 31.0 
48.5 36.5 
50. O 39. 5 
51.0 42.5 
52.0 44.0 
53.0 45.5 
54.0 47.0 
54.5 49.0 
55.0 51.0 
56 .o 52 .o 
56.3 53.0 
57. 0 .54. 2 
1.88% Consistency (o.d.) 
Inlet Pressure Outlet Pressure 
c4si) (psi) · 2.0 13.0 
42.5 17.5 
43.5 23.0 
44.5 25.2 
45 . 5 28.0 
46.5 30.5 
47.0 32.0 
47 .o 33 .o 
48.5 35.7 
48.5 37.0 
50.0 39.0 
50.5 41.0 
51.5 43.0 
52.5 45.0 
54.0 47.5 
54.5 49.0 
55.5 51.3 
56 .o 52. 5 
57. o 53. 5 
58.0 55.5 
55 
Pressure Drop 
(psi) 
25.5 
23.5 
21.0 
20.0 
16.5 
15.5 
12.0 
10.5 
8.5 
8.0 
7.5 
7.0 
5.5 
4.o 
4.o 
3.3 
2.5 
Pressure Drop 
(psi) 
29.0 
25.0 
20.5 
19.3 
17.5 
16.0 
15.0 
14.0 
12.8 
11.5 
11.0 
9.5 
8.5 
7.5 
6.5 
5.5 
4.2 
3.5 
3.5 
2.5 
Flow Rate 
( gpm) 
284 
280 
275 
243 
230 
214 
203 
191 
178 
149 
142 
105 
84 
63 
56 
JO 
Flow Rate 
(gpm) 
290 
270 
240 
230 
195 
165 
145 
125 
102 
95 
90 
50 
1.68% Consistency (o.d.) 
Inlet Pressure Outlet Pressure 
c4si) (psi) 2.8 17.3 
4J.2 21.0 
43.5 23.0 
46.o 29.5 
46.5 31.0 
48.0 34.0 
48.5 36.0 
49.0 37.5 
50.0 40.0 
52.0 43.5 
52.5 44.5 
54.5 49.2 
55.5 51.0 
57 .o 53 .o 
57. 2 53. 5 
58 .1 56 .2 
Water 
Inlet Pressure Outlet ·Pressure 
(psi) (psi) 
41.0 J.O 
42.5 20.5 
40.0 24.5 
45. o 31. 5 
47.5 37.0 
49.0 41.0 
51.0 44.5 
52.0 46.5 
52.5 48.0 
53.0 49.0 
53. O 50 .o 
54 .o 52 .o 
56 
Pressure Drop 
(psi) 
25.5 
22.2 
20.5 
16.5 
15.5 
14.o 
12.5 
11.5 
10.0 
8.5 
8.0 
5.3 
4.5 
4.0 
3.7 
1.9 
Pressure Drop 
(psi) 
J8.0 
22.0 
15.5 
13.5 
9.5 
8.0 
6.5 
5.5 
4.5 
4.0 
3.0 
2.0 
APPENDIX 6 
Data Table 5 
-bleached softwood sulphate 
-640 CSF 
-5 mixing elements 
-1.70% consistency (o.d.) 
-31 degrees centigrade 
-7.7 pH 
Trial 1 
Flow Rate Inlet Pressure Outlet Pressure Pressure Drop 
! imml {fsi) ( :QSi l { :QS i l 
284 2.8 17.3 25.5 
280 43.2 21.0 22.5 
275 43.5 23.0 20.5 
243 46.0 29.5 16.5 
230 46.5 31.0 15.5 
214 48.0 34.o 14.0 
203 48.5 36.0 12.5 
191 49.0 37. 5 11.5 
178 50.0 40.0 10.0 
149 52.0 43.5 8.5 
142 52.5 44 .5 8.0 
105 54 .5 49.2 5.3 
84 55.5 51.0 4.5 
63 57 .o 53.0 4.0 
56 57 .2 53.5 3.7 
JO 58.1 56.2 1.9 
Trial 2 
Flow Rate Inlet Pressure Outlet Pressure Pressure Drop 
( imml {~si) { :QSi l { :Q§i l 
280 1.5 5.5 36.0 
275 41.5 15.0 26.5 
250 4J.O 23.5 19.5 
230 45.0 29.0 16.0 
200 47.0 34 .o 13.0 
145 50.0 42.0 8.0 
142 50.0 41.5 8.5 
135 50.5 43.5 7.0 
110 52.5 46.o 6.5 
100 52.5 46.5 6.0 
80 54.0 50.0 4.0 
62 55.0 .51 .o 4.0 
50 55.0 52 .5 2.5 
JO 56.0 54 .5 1.5 
57 
